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I. Introduction and Historical Background

In the past several years a substantial amount of work has
been devoted toward evaluation of the contact and rseudocontact
contributions to the observed isotropic shifts in the = nuclear
magnetic resonance (NMR) spectra of uranium(IV) organcmetallic
compounds (lfié)’ One reason for interest in this zarsa arises
from using the presence of contact shifts as a prcke for covalent
character in the uranium carbon bonds in these comzounds. Several
extensive 'H NMR studies on Cp,U-X compounds (10-12} and less
extensive studies on uranocenes have been reported { 4
Interpretation of these results suggests that contac
tribute significantly to the observed isotropic shiZ:
presence has been taken as indicative of covalent ch

O

metal carbon bonds in these systems, but agreement 3 t
complete (2). In this paper we shall review critically the work
reported on uranocenes in the light of recent resul:ts and report
recent work on attempted separation of the observed isotrepic
shifts in alkyluranocenes into contact and pseudocontact compo-

nents.

A. Theory. A detailed derivation of the theoxy 2shind
magnetic shifts in the NMR of paramagnetic compounds, or a complete
review of the literature concerning separation of ckser i
tropic shifts inteo contact and pseudocontact components I
beyond the scope of this paper. Several books and rsviews o
these subjects are available (16-21).

The presence of a paramagnetic metal in organcmezzllic
compounds significantly influences the NMR spectrum ci liga

nuclei. Changes in nuclear relaxation times and chances in reson-
ance frequency are the two principal effects arising frcm inter-
action between the unpaired electrons on the metal and ligand
nuclei. Nuclear relaxation times are shortened due to increased
spin-spin relaxation and result in increased linewidtns of the
resonance signals. In some compounds this broadening ¢f the
resonance signals is large enough to preclude their okservation.
The coupling of the unpaired electrons with the nucleus
being observed generally results in a shift in resonance freguency
isotropic

that is referred to as a hyperfine isotropic or- SLFpl
shift., This shift is usually dissected into two prin
ponents. One, the hyperfine contact, Fermi contact o
shift derives from a transfer of spin density from the unp
electrons to the nucleus being observed. The other, =he 4
or pseudocontact shift, derives from a classical dizo !
interaction between the electron magnetic moment and the nu
magnetic moment and is geometry dependent. B

Expressions for the contact shift vary depénding cn the
assumptions made. One common form is (22) '




5CONTACT (1)

wnere Ai is the hyperfine coupling constant, g_ is the rotation-
ally averaged electronic g valus, 3 is the Boﬁr magneton, g_ and
are the corresponding nuclear constants and S is the spin of
e unpaired electrons. For actinide organometallics in which
rvstal field splitting is small comrared the separation between
lectronic states and characterized bv guantum number J, but

arge compared to kT, the contact shifit may be expressed as (12):

~
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Sconrace = T T . (2)

in which ¥ is the magnetic suscertibility.
The pseudocontact shift mav be exvressed as (20, 23-26):

X ~1/2( +u. 3} 2

s _ lz X 3cos 9-1 +
“PSEUDOCONTACT 3N z3
(Ax“*v) sin“fcos 2 U (3)
2N 23
in which X4, X, and X, are components of the magnetic suscepti-
piility, and the coordlnat system is shown in Fig. 1.

The total isotropic shift is the sum of the two components:

N

8 = & _ + 4
ZSOTROPIC CONTACT SPS:LJCCCSWACT (4)

In this paper we define all shifts usfiield from TMS as negative
and all shifts downfield from TMS as vositive. This is the
mocdern accepted convention.

B. NMR of Uranium(IV) Organcmetallic Compounds. Current
intsrest in the NMR of U(IV) organcmetallic compounds has been
concerned with the relative contrizutions of contact and pseudo=-

contact shifts to the observed isctrcric shifts. Much of this
interest arises from the possible cresence, and relative role of
covalency in ligand metzl ronds in corganocactinide compounds.
Ideally, 1f the isotropic shifts in U(IV) compounds can be
Zactored into contact and gpseudocontact components, the contact

shift can be correlated with eleczrcn delocalization and bond
Covalency.,
Trom an experimental soint of view, the ‘H NMR spectra of

S(IV) compounds are ideallv suited to such analysis. In general,
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the isotropic shifts are less than ¥ 100 zom
comrared to shifts observed in many transiti
The linewidths for protons on carbons direct
are less than 50 Hz and rapidly decrease Zfor
not directly bonded to the metal atom, zo %!
of=en observed. A review of early work on *=

U(:

) compounds apepared in 1971 (7).

which 1s small
metal complexes.
v bonded to uranium
rotons on carbons
S coupling is

s

ne H XNMR spectra of

c
i

1
moounds. The H NMR

1. Triscyclopentadienyl uranium(IV) co
resonance of the cyclopentadienyl ligand in
opm upfield from the corresponding rescnance
at room temperature. The interpretation of

some early controversy (1,2,4,10). Moreover
compounds has been prepared ané exten
spectra have been reported. Scme con

3

‘ng the isotropic shifts reported in t
are reported referenced relative tc
are referenced relative to the corres
ind instead of the universal standard T
comzarison the reported shifts have besn red

are recorded in Table I.

Assuming axial symmetry along the T=X =
shiZis Zor compounds 3, 7-16 and 25 have Zzee
tact and Dseudoconﬁac% cBmEBnentsiN In the »
licang, 25, Fischer and co-workers (11} show

7apositlons to be equal to the ratio oI
whersas gross deviations occurred when the X
ared. This implies that all of ths Isoz

in the ¢Q-position arise purely frcm o
eractions whereas both pseudocontact and
cont:ipute to the o-proton isotropic s :
wers factored into contact and pseudocontact
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the aver@ge geometry factor, (G,), for the :'
cm™®, the calculated pseudocontact and

room temperature are =-6.4 ppm and -17.5
aprroximate invariance of the ring prOto
of the alkoxv substituted compounds su
great Ifluctuation in the molecular ani
series.
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Table I
1
The "H NMR Resonances oF CpBUmX Compounds
8 ppm from TMS
Temp Solvent Ref.
1 Czo -13.96 25 THF 1,7,10
2 F -6.46 25 Benzene 7,10,27
3 CL -3.40 25 Benzene 7,10,13,27
4 Br =3.65 25 Benzene 7,10,27
5 I -4,28 25 Benzene 7,10,27
9 EH4 -6.53 25 Benzene 3,7
7 C6H5 ~3.26 25 Benzene 12,28
8 CHB -2.76 25 Benzene 12
v m194°76(CH3)
nmC4H9 ~3.06 25 Benzene 12
1=CBH7 -3.66 25 Benzene 12
m11;46(CH3) =20.36 (")
=26.36(R) =122.76 {z}
th4H9 -4.16 25 Benzene 12
m15.96(CH3)
neopentyl =~4.36 25 Benzene 12
=14.86(CH,) -184.72{C=.)
3 z
13 alivl -2.76 25 Benzene 12
~ ~30.96(CH) -118.76(Cl%.)
14 vinvl -2.06 25 Benzene 12
T 31.64(B~trans) ~-9.7&{Z~-cis)
-156.36 ()
15 cig~2- -3,36 25 Benzene 12
"7 butenyl @ -12.56(a-CH.) -15.36{%)
m35306(BnCH§)
16 Transg=-2=- ~3.46 25 Benzene 12
"7 butenyl  30.74(H) -25.76(R-CZ.)
-26. 36(@~CH3) -
17 C.T. ~3.606 25 Benzene 12
e~ &5
13 OCI—iQ -17.06 RT Benzene 7,29
o - 52,54(CH3)
10 OCTHF -18.36 3T Benzene 7,29
- 59.04{0CH_) 16.834(C=}



Table I (cont.)

X Temp Solvent Ref.
20 OanacéH9 -17.86 ' RT Benzene 7,29
v 57.84(0CH.) 17.04(%2)
8.94 () 4;58(CH3)
21 O=imC3H7 -18.56 RT Benzene 7,29
o 121.94(0CH.) 17.84(C=.)
2 3
22 Oath4H9 -19.36 RT Benzene 7,29
o 19364(CH3)
23 n-hexyloxy -17.6 RT Benzene 11
o 56.9{a) 16.69(B)
8.80(y) 5.08(8) 2.37( )
1.67 (g)
24 cyclohexy=- m18,3a 30 Benzene 11
T loxy 122.0{a) 19.0(R) 17.2(3)
10.2(y) 9.8(8) 7.8({=)
25 cholester- =l7a7a'b 30 Benzene 11
T yloxy

aextrapolated from scectrum reported in ref.ll

bSee ref. 11 for sucksci

tuent proton resonances



o rs of the series was
QA.Lected by assuming that th: ;se:iocontact shifts are all pro-
portional to the corresponding czometry factors. Agreement
vetween the calculated shifts znd a: values was fair, and, in
general, the contact shifts than 50 ppm. For the ring
Drotons an average gecmetry 7.97 % 107%%cm™? was used
to calculate a pseudocontact £ 19.1 zom and a contact shift
o

of -28 ppm. While this contact snift is similar in magnitude to
that calculated for the alkox~ ccmoounds, the calculated pseudo-
contact shifts for the two ser: are orposite in sign. This
imolies that the replacement of -IRX by =R caused a reversal of
sign in the magnetic anisotrozw <erm of ex. 3 (i.e., X XL ).
Recently, Amberger (13) igned the bands in the absorp—
tion spectrum of 3. 1In this set of first-order crystal

field functions was derived wh ne known temperature
dezendence of the magnetic sus —irilitv. From these parameters,
the isotropic 'H NMR shifts o zhe » ng protons were factored
into contact and pseudocontac= Using the geometry
factor of Marks (-7.97 x 107%%  or that of Fischer (-5.49 x
107%%em™?) the calculated pse: tact shifts at 25°C are 2.38
and 1.64 ppm and the calculate snifts are ~11.58 and
-10.84 ppm, respectivelr.
Interestingly, all of the calc d ccntact shifts for the

ing protons in these CpzU~X comoounds are of the same sign and
of the same order of magnituds =zs zhe i ropic shift in Cp,U,
suggesting that the ring metal : ‘ng in all of these compounds
is guite similar. Replacemenz »,U by any other
ligand lowers the symmetry of eading to magnetic
anisotropy and pseudocontact < to the isotropic 'y
MR shifts. Lower symmetry al completely control the
magnetic anisotropy. The subs crofound effect which
can serve to change the sign tic anisotropy term in
2g. 3 and hence, the sign of t shift.

The temperature devendencs vior of the ring proton iso-
zropic shifts also reflect scts cf lower symmetry. While
the ring proton shift i 4 a linear dependence on T~
Zrom -106°C to 133°C, the rin: shifts of Cp,U-X compounds
2=5, 8-10, 12, 17-18, and 23-Z snhow marked deviations from
Tinsarity. The alkyl-substit: svstems show linear behavior
Zrom ca. =150°C to room zut deviate from linearity

O
1]
[$)
t
3

.

N
1
C

o O
o

above room temperature. ccmeoounds show apparent
linearity from ca. 200°C t deviations from linearity
celcw 200°C. All of the ept for the fluoride display
z slight curvature from 2 °C. The variable temperature
zehavior of the fluoride derendent and reflects the

Zormation of dimers.

The presence of the e in Cp,U-X compounds
2180 serves as an interna e T as such has been
2sed as a conformational probe. In a variable temperature 1y NMR
studv, Marks and co-workers (32 zazve observed line broadening of



tne borohydride proton resonances in 5. The broadening was not a
result of temperature dependent changes in boron guadrupolar
relaxation but instead was interpre=sd as indicative of slowing
the chemical exchange preocess tetween bridging and terminal
tons. Estimation of the coalescence temperature as -140 * 20°C

L

ds to a calculated .¢¥ for the crocess of 5.0 £ 0.6 kcal mole™.
ilarly, the energy barrier to =ctation of the isopropyl group
Cp3U~i~CyH, has been estimated to e Z_ = 10.5 * 0.5 kcal

el from computer simulated line shacze analysis of variable
werature spectra (12) from the coalescence temperature for
sxionallty between monohapto= and trirapto-bonding of the allyl

croup in CpzU-allyl of 43°C, a value of 8.0 kcal mole” ! for AG
Zor the process was calculated (12, while in cyclohexyloxy-UCps;,
a lower limit for AG? for ring 1nve::io; of the cyclohexyl ring
zs been estimated to be 2.3 kcal mole™" (11).

2. Uranocenes. Edelstein and co=workers (5) proposed that
- 1 L T T, - .
the "H isotropic shift in uranocere can be approximated by

2 XX 2 N
. = M *L 3cos 9-1 = Al B (5)
ISOTROPIC 3 3 3 mSkT

R

Trne pseudocontact term is sinply trhe axially symmetric form of

ez. 3. The contact term is eg. 2, where 3 and g_ have been

evaluated using a crystal field model Zor bis-cyclooctatetraene-
r

inide sandwich compourds propossd by Xarraker (31).

o
01

the crystal field
ulations to correct covalent ccntriZutions to metal ligand
onding (32). This model successfully
benavior of uranocene, neptunocene, and vlutonocene assuming:

1) only the lowest crystal field szTzzs is zopulated in the temper-
ature range T <<400 K; 2) there is no =mixing of J states by the
crvstal field; 3) the effects of intsrmediate coupling are small

ard can therefore be neclected (31).

The ground state term for Uttt iz otz 'n a crystal field of
Dg., symmetry this ninefold degenerate state is split into four
dCHHWets (J, = 14, %3, :2, =1} and o= inglet (J, = 0). Analysis
of bulk magnetic susceptizility data to selectlon of the
ground state as J, = 4, provided <= effective orbital
reduction factor of = (.8 was 1lncliu in
c

4]
= (). O

{u
G

92

A direct result of the J, = z4 cround state is in the limit
of XT << D, the total crrstal Zield splitting, X = 3Y¥gy and
X = 0 where H
L
= 1/3 v = 273 %
Xav / /). 3K, (6)

the magnetic susceptibility comrerent of the pseudocontact
was evaluated from bulk suscertizility measurements. Using
gecmetric data from the x-ray structure of Ravmond and Zalkin (33)

arZ a magnetic moment of 2.4 B.M., Zdeistein and co-workers




calculated the pseudocontact shift for uranocene ring protons,
(entry 1, Table II). These authors used the Curie Law to relate
X and  Ueff, while the magnetic data obeyed the Curie-weiss Law,
with Uoeg = 2.4 B.M. and 0 = 9.6°K. ©Neglect of the Weiss const-
ant, {(i.e., the Curie Law instead of the Curie-Weiss Law) under-
estimates the value of X, resulting in smaller values for the
pseudocontact shift. This underestimation amounts to about 3.5%
for the ring 1y resonances in uranocene (entry 2, Table II).

Since the calculated pseudocontact shifts are smaller in
magnitude than the observed isotropic shift, Edelstein, et.al.,
concluded that an upfield contact component contributes to the
total isotropic shift, indicative of covalency in the ligand
metal bonds of uranocene.

TABLE II

. .1 .
‘EBarlier Analyses of Isotropic H Shifts of Uranocene

5 3 Iso- Pseudo=-
Proton 3cos 6~1/R Temp ueff tropic contact Contact

21 -3 °C shift shift shift

x 10 cm ; B.M,
(ppm) pen (ppm)

urano-
cene? -3.55 29 2.4 -41.9 -14.0 -27.9
ring :
urano-
cenel -3.55 29 2.4 -41.9  =14.5 -27.4
ring
octa- c
methyl -2.0 ' 25 2.38 -41.3 ~7.9 -33.4
ring
octa- c
methyl ~5.9 25 2.38 -6.0 ~-23.6 +17.6
ring
urang»
cene -2.0 25 2.38 ~-42.6 -7.9 ~34.7
ring
(a) Ref. 5. (b) Correction for Curie-Weiss Law; see texnt.

(¢) Ref. 6.

. -1 . . - .
The plot of shift vs T was linear in accord with Curie-
Welss magnetic behavior and in agreement with the linearity pre-
dicted by eq. 5. The intercept, however, was ca. 7 ©rm instead



of zero as predicted bv.eg. 5.

Subsequently, the "H NMR of 1,1',3,3',5,5',7,7"'~octamethyl~
uranocene was analyzed in a similar manner (6). The contact
shifts for the ring and C-protons were found to be similar in
magnitude, but opposite in sign, implying spin density in a 7-MO,
and transfer of spin density via a sovin polarization type mechan-

ism (entries 3 and 4 in Table II). In this paper, a new, signif-
icantly smaller, value for the pseudocontact shift in uranocene
was reported (entry 5, Table II). This value was calculated

using better geometric data from the refined x~ray structure of
uranocene by Raymond and co-workexrs (34).

These results led to a simple model for the contact shifts
in uranocenes shown in Fig. 2 (33). In the ground state, orbi-
tal angular momentum dominates so the two f-electrons on the met-
al have their magnetic moments opgosed to the applied field.
Electron density donated from filled ligand molecular orbitals to
vacant metal orbitals will be spin-polarized so the net spin den-
gity in the ligand 7-}O gives rise to a magnetic moment aligned
with the applied field. Relay of spin density via a spin polar-
ization mechanism affords an upfisid shift to the ring protons,
né via hyperconjugation, a downfield shift to the a=-carbons.

ubsequent spin transfer results in an alternating upfield, down-
°1eld shift pattern, which decreases substantially the greater
the number of sigma bonds between the observed nucleus and the
ring carbons.

Separation of the isotropic shifts in uranocenes into
seudocontact and contact components is certainly an appealing
method of attributing covalent character to bonding in uranocene.
However, Hayes and Tnowas (7) have advised caution in making de-
ductions about covalency from NMR cdata on actinide complexes. In
these compounds J is a;sumed to ke a cood guantum number and thus,
both spin and orbital ancular momentum contribute to the observed
macnetic moment. In actinide complexes, the spin magnetic moment
mav not be parallel to the net magnetic moment, which is aligned
with the applied field. In fact, it is opposed if the S5f shell
is less than half full as in uranccene. Hence, direct transfer
of spin density to a ring proton will give rise to a downfield
shift.

Second and more importantly, the ligand metal interaction in
rganometallic complexes involves onlv certain orbitals on both
e ligand and the metal. The electronic states giving rise to
hifts in an NMR experiment may neot involve these orbitals.
Hence, little if any direct informaziocn on covalency can be der-
ived from NMR experiments. In gensral, one must consider the
ccupancy of the relevant orbitals in the crystal field states
;o;;lated over the temperatur nce 0f the NMR experiment in

zmpted correlation of contact shifts with specific modes of
monding.

Nevertheless, a wodel with svin volarization of ligand elec-
zrons donated to empty metal orbitals gives rise to positive spin

fu

\ (’/)
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density in the ligand system and the observed upfield shift to
the ring protons. Such electron donation to metal orbitals does
relate to bonding. Moreover, it appears that contact shifts do
contribute to both the ring and O~proton isotropic shifts in uran-
ocene and 1,17,3,3',5,5',7,7"'~-octamethyluranocene. Because both
ring and O~rvositions experience contact and pseudocontact shifts
it 1s impossible to test if the assumptions used in factoring the
observed shifts are valid. Of particular interest are the assump-
tions concerning the magnetic anisotropy term (X, - Xi}s Typic~
ally, contact shifts axre effectively zero 1if at least three atoms
{i.e., four sigma bonds) separate the observed nucleus from the
paramagnetic center (15,35). Ideally, ina 1,1%,3,3',5,5",7,7'~
octaalkyluranocene, where the alkyl groups have B or Y protons,
the observed isotropic shifts for these positions would be solely
pseudocontact in nature. Unfortunately, none of these systems

is known and attempts to prepare the t-butyl compound have not
been successful (36). : »

Numerous substituted uranocenes are now known and could, in
principle, orovide useful tests. Other factors now, however, be-
come involved and need to be evaluated. The lower symmetry of
these compounds means that X and Xg are no longer constrained to
be equal ané the eq. 3 needsxto be tonsidered in its entirety.
Moreover, the substituent could have an effect on magnetic aniso-
tropy. Finally, some substituents have more than one possible
conformation which would need to be considered.

If the magnetic moment of a paramagnetic molecule obeys the
Curie or Curie-Weiss Law, variable temperature 14 NMR can serve
as a conformational probe. Conformationally rigid nuclei or
those rapidly oscillating between conformations of equal energy,
will exhibit a linear shift dependence on 71 wnile those which
undergo excrange between conformations differing in energy will
show a non~linear dependence. Equation 3 shows that the slope
of these plots will depend upon the sign of Ai and the sign of
the geometrv factor.

In the remainder of this paper we will present NMR results
for a variety of uranocenes as a function of temperature. The
results will be analyzed in terms of the component contact and
pseudo~contact contributions with due regard to the foregoing
consideraticns.,

. 1 .
IT. The Variable Temperature ~H NMR of Uranocene and Substituted
Uranocenes

In this section we summarize the experimental results for a
number of substituted uranocenes. The compounds studied are
listed in Table III and Fig. 3.

The spectra were run on the Berkeley 180 »Hz FT NMR spectro-
meter equipped with a variable temperature probe. All spectra
were run in toluenevdg, In general, spectra were taken at 10°
intervals from at least the range -80°C to 70°C. The temperature
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TABLE III

, 1
Uranocenes Analyzed by Variable Temperature ~H NMR

g? Uranocene

%z 1,1"=Dimethvl-

%§ 1,1'-Diethvl-

gg 1,17=Di-n=butyl-

59 1,1'-Diisopropyl

3% 1,1'=Dineoventyl-

3% Mono-t=butyl

33 1,1'-Di-t-butyl

Eg 1,1',4,4"-Tetra-t-butyl-

35 1,1',3,3',5,5%,7,7'=0Octamethyl-
gé 1,1'=-Diphenvl-

gz 1,1'-Bis (p~dimethvlaminophenyl} =
§§ Dicvclobuteno=-

gg Dicvclopentenc=

%9 Bis (dimethvlcvclopenteno) =

%% 1,1'-Di{t-butoxycarbonyl) -

%3 Mono- {t-butoxvcarbonyvl) -

43 1,1'-pi(1l,3,3,7=cyclooctatetraenyl) -

~ e

of the probe was mon;tored by a pre=-calibrated thermocouple 5 mm
from the sample tube, and could be hel d to z0.3°C over the dyn-
amic temperature range. Shifts were measured relative to the
methyl group of toluene rather than stocrcock grease; the latter
shifted ca. 0.2 ppm over the temperature range. The shifts are
reported relative to TMS by assigning the toluene methyl reson-
ance as 2.09 ppm. This resonance differs from that in protio-
toluene (2.31 ppm). Often this resonance is erroneously assigned
the same value as in the protio-compound; however, we have exper-—
irmentally verified the difference which is a recognized secondary

ceuterium isotope effect in Iy wmr rectyoscopy (37,38).

1]

A. Diamagnetic Reference Compouncds. Analysils of the iso-
cpic shifts requires referencing the observed shifts to their
sitions in. the spectrum of a corresronding hypothetical diamag-
neTic uranocene. The diamagnetic thorocenes are probably the
closest analogy to such a model uranccene and several of these
ccmpounds have now been reported (39,£0). The difference between
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the '3 resonances in the thorocenes and the corresponding cyclo-
octatetraene dianions is small (Table IV); hence, without impor-
tant error isotropic shifts in all of the uranocenes discussed in
this chapter can be referenced to the 1H shifts in the corres-
oonding cyclooctatetraene dianions. For those cyclooctatetraenes
where the dianion has not been isolated and characterized by

Iy NMR, the shifts have been estimated by comparison with other
cyclooctatetraene dianions. The error resulting from such ref-
erence is probably no more than 1-2 o

TABLE IV

1 ..
The H NMR Resonances of Cyclooctatetraene Dianions
and Thorocenes in THF (ref. 39, 40)

§ pom from TMS

ring substituent
cor & 5.9
thorocene 6.5
n-buty1CoT o 5.7 2.9 1.3 0.9
1,1'=-éi~n-butylthorocene 6.5 3.2 1.6 1.0

=g

methv1COT , 5.6 2.8
1,1’ =dimethylthorocene 5.5 3.1
£-butv1COT o 5.7 1.5
1,1'=-éi-t=-butylthorocene 6.5 1.7

as the dipotassium salt

B. The Temperature Dependent lH YXMR of Uranocene and
Cctamethyluranocene. Our initial interest was in verifying the
temperature dependence of the g isotrepic shift in uranocene and
the reported non-zero intercept at T-i=0. Recent laser Raman
studies by Spiro and co-workers (41l) have established that the
first excited state in uranocene is 446 cmml above the ground
state. Thus, the isotropic shift mav not varv linearly with the
inverse of the temperature from -100°C to 100°C. Indeed, below
100°X some controversy exists concerning the temperature depend-
ence of the magnetic moment in uranocene (42,43).

The temperature dependence of the isotropic shift in urano-
cene was measured on two independent samples from -80°C to 100°C.
~t the same nominal temperature slight Zifferences in the shift
zetween the two samples are undoubtedly due to slight differences
in the true temperature of the samples and provide an estimate of
the error in temperature measurement or measurement of the reson-
ance Ifrecuency in this study.

The plot of shift vs L (fig. 4, Table V) is strictly linear
with an extrapolated intercept at 7™ 1=) of zero within experiment~-
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al error. The difference between this result and that reported

by Edelstein et-al. (5), appears to arise entirely from uncertain-
ty in measurement of the temperature. In the earlier work the
uncertainty in the temperature at both the high and low extremes

was +3.0°C while in this study it is +0.3°C. In fact, if one
takes into account the reported error in the femperature measure-
ments in the earlier work, the data can ze Zittesd with a straight
line which intercepts zero at 10, (Fig. 3).

TABLE V

1
Least Sguares Linear Regression Analysis of VT "H NMR Data fox

Ring Protons in Uranocene, Octamet””lm&a ocene and the
Unsubstituted Ring in Monosubstituted Uranocenes.
Compound Slope Intercept rz
26, Uranocene Run #1 «12.83%0.07 =3.3220.32 0.9992
Uranocene Run #2  =12.94%0.06 C.21z0.21 0.9997
Uranocene (ref@ ~14.70%0.17 5.2620.64 0.9991
32, Xono=-t-but yl =12.62+0.04 -3.3220.19 0.9998
als "‘On"”t”bgtoxy“ ~13.540,12 1.5820.47 0.9989
carbonyl
35, Octamethyl =13.12%0.03 . 2.2520.14 0.9999
(a) -Unsubstituted ring; the substituted ring data are in
Table IX. '
Octamethyluranocene, 35, has effective <-fold symmetry and

Xy and Xy are constrained to be equal on the nmr time scale. The
temperature dependence of the ring proton this compound is
compared with uranocene in Fig. 6 and Ta: Y. The non-gzero in-
tercept is probably due to referencing the is otropic shift to the
tetramethylCOT dianion; note in Table IV %#hat +he ring protons

of dimethylthorocene differ from methylCCT Sianion by almost 1
ppn.

o q
2]

The near-identity of the slopes of <he lines in Fig. 6 has
important implications. The geometry facto or the ring protons
of octamethyvluranocene is essentially ident 1 to that for uran-

5 - 3

ocene' itself; hence, according to eq. 5, an ignificant change
in ¥, would be expected to produce a 51u"ﬁ change in slope.
The Tdct that methyl substitutents have 113
slope means either that Y, does not chance simnificantly by
methvl substitution or that the effect of z :haﬁce in ¥, is al-
most exactlv balanced by an opposing change in she contact shift.
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C. Monosubstituted Uranocenes. Some mornosubstituted urano—
cenes are known, compounds with one COT and cne substituted COT
ligands. The mono~-t-butoxycarbonyluranccene, 42, was prepared
by reaction of one mole of the corresponding COT dianion with one
mole of COT dianion itself and UCly(44). It could be separated
from the disubstituted compound, 41, also fcxrmed, by its greater
stability towards hydrolysis. Mono-t~ butvluranocene, 32, was

cbhbtained and measured as a 1.8:1 mixture with the disubstituted
compound, 33. A separate preparation of pure 33 allowed complete
analysis of the mixture. Mono-{di~-t~butylzhosphinc) uranocene

has also been reported by Fischer, et al(45).

The importance of these compounds for nmr interpretations is
that we can look at the unsubstituted ring in systems where X,
and Xy are not constrained by symmetry to be equal. In both of
the monosubstituted uranocenes investigated, the proton resonance
of the unsubstituted ring is a singlet.

At 30°C, the protons of the unsubstituted ring in mono-t-
butyluranocene resonate at 0.51 ppm lower Zield and those in the
mono~-ester resonate at 0.43 ppm higher fisld =*han the ring protons
in uranocene. These differences are small -~ real and were es-
tablished independently by observing the srecz=rum of mixtures of
these compounds.

The temperature dependence of the unsuts<ituted ring proton
resonances are linear functions of T-1 and the slopes of shift vs.
7t 1 are identical within experimental error o that of uranocene
(fig. 7, Table V). The slight difference in Intercepts at T 1l=0

b R

undoubtedly result from using the proton rescnance of cycloocta-
tetraene dianion as a diamagnetic reference Zor all the compounds.
Changes in the linewidths at half heich<s of the unsubstitut-
ed ring resonances as a function of temperaiure parallels that of
uranocene and results from the known chance in paramagnetic rel-
axation times as a function of temperature rather than the onset
of coalescence (Table VI) (19). This im,l;e that ring rotation

in monosubstituted uranocenes is rapid on t©
that rotation is slow and the differences ke
frequency of the non~equivalent protons is s

e WMR time scale or
~ween the resonance
~a2ller than the line-

widths of the observed signals. Bis(l,4-cdi-z-butvlcyclooctate-
traene)-uranium, 34, does show coalescence of zall of the proton
resonances at low temperature corresponding <o a barrier to rota-

tion of 8.4 kcal mol ~(46). Substituents s-maliler than t-butyl
should show smaller barriers. We concluds tbat uranocene and the

monosubstituted uranocenes are freely rotatinc on the nmr scale
at our temperatures.
For complete rotation, the final term in sg. 3 averages to

zexro; hence, if %(XX +X.) differs seriously ZIrom ¥, of urano-
cene, we would expect a significant change in slope.  The near
constancy of the observed slopes for all of the unsubstituted
rings together with the ring protons of 32 zrovides highly sug-
gestive, albeit not rigorous, evidence that Xv = XL for all
of these compounds. These approximations ce= ai nly make a strong

A
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TABLE VI

, . . 1 -
Linewidth at Half Height of H NMR ZResonances of Uranocene

(Hy).
-70°C 30°C 70°C
26, uranocene 1 90 76
32, mono-t-butyl® 45 33 30
41, mono=-t-=butoxycarbonyl- 20 38 32

P

(a) Unsubstituted ring.

working hvpothesis.

Recently, Fischer (15,45) has inderencdently arrived at the
same. conclusion based on the temperature de
the "H XNMR resonances of the two monosukst
(CSHB)(CSH7R)U, R = P(t=C4H9)2 and Sn(tmtiug)
compounds the unsubstituted ring resonancas i
identical with that in uranocene.

3

+=uted uranocenes,
. In both of these
reported to be

U]
¥

¢ Uranocenes. We
eZfects of substi-
£ rapid ring rot~
in the limit of
esult in non=lin-

D. Magnetic Susceptibility of Subs:tizute
examine further implications of the potential
tuents on magnetic anisotropy. In the limit o
tion the final term in eq. 3 averages to zero;
frozen rotatigns this term can contributs znd res
earity. Th H NMR data on 34 provide a test (46). At tempera-
tures above coalescence the Ezngs are freslv rctating and the
three rairs ofaiquivalent ring protons on sach ring are linear
functicns of T ~. Below coalescence the three ring proton reson-
ances split into six and all six resonances are again linear
functions of T . Moreover, the average ©Ff appropriate pairs of
resonances is close to the value extrapoiated from three reson-
ances above coalescenece. Thus, even in *he "frozen rotation®
region, the last term in eq. 3 makes little contribution, a res-
ult that implies X, = X-

We conclude that substitution of the uranocene skeleton, al-
though formally lowering the symmetry of Zhe complex, exerts
only a small perturbation on the crystal Zield around the uran-
iun. The magnetic behavior remains primarilv an atomic property
and from the point of view of the uraniuxm atom, it still exper-
lences a C_,_ crystal field as in uranocene. Thus, to a good

irst arproximation, substituted uranoccenzs can be viewed as hav-
ing effective axial symmetry regardless £ ring
rotaticn.

We next inquire whether this result is consistent with other
phrsical properties of uranocenes. Bulk —agnetic susceptibility
measurements at low temperature on several s ituted uranocenes
appear o suggest that within experimental exr the magnetic
progerties of all uranocenes are essentiz identical and equal

cf
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to 2.4%2.2 B.M. (Table VII). This result is consistent with the
idea confirmed by X Scattered Wave (47) and Extended Huckel

MO (48) calculations that the magnetic croperties of uranocenes
are determined principally by the two unpairecd electrons that are

primarily metal electrons.

,
E. E NMR of Substituted Uranocenes. Takle VIII summarizes

the chemical shifts relative to TMS for a number of uranocenes

at a common temperature (30°C). The results 2re summarized for

rirg and substituent protons for convenience.

F. The Temperature Dependence of Pro
stizutecd Uranocenes. In substituted cvclo
where substitution lifts the symmetry impo
ring protons, the difference in resonance 2
neticallv non-equivalent protons is sufficien

n Zesonances in Sub-
+atetraene dianions
¢ ecuivalency of the
=encv of the mag-

1v small that the
1

observed resonances appear as a broadsned singlet even in high
field NMR experiments. Likewise in corresponding substituted
tho*ocenes, the non-equivalent ring proton rsascnances appear as

a broadened signal with no assignable features. ZHowever, in sub-
stituted uranocenes the non-equivalent ring mroten resonances all
appear as well resolved singlets for all oI the uranocenes whose

1H 3R has been reported.

The structure of a sufficient number cisubstituted urano-
cenes has been determined by single crystal X-rav diffraction to
establish that both the uranium=-ring distance and the Crlng ring
bond distance are invariant, within experimental error, regardless
of substituents on the uranoccene skeleton. Assuming that the geo-
metry factor for all of the ring protons is the same, and if
shift for each will

Xy = (V as shown above, then the pseudocontact
r nce freguency

be the same and the observed differences in x
must arise from differences in the contact shi at the magnet-
ically non-equivalent ring positions. T comp rison, differences
in the isotropic shifts of the non-eqguiv nt ng protons in
substituted bisarenechromium complexes have been attributed to
differences in the contact shift (52).

For purposes of convenient identificas
resonances in the NMR of substituted urano
alphabetically starting with the lowest Zi sonance. This
does not imply that the "A" resonancees in ifferent urano-
cenes correspond to the same ring position. We shall discuss
below the assignment of the individual ring proton resonances.

The temperature dependence of the ring zTroton resonances of
the uranccenes listed in Table III were determined and plotted as
shifts vs. T 1. 1In all, 60 individual rinc troton resonances in
17 cifferent uranocenes were observed. 1 s except for
one vosition in dicyclobutenouranocene, , the shifts are linear
functions of T~! from at least the range =73°C to 70°C. The non-
linearity of the 3-position in dicyclobutenocuranocene, 38, prob~
ably reflects a temperature dependent geometry change of the ring

- o
[t ¢7)
cr O

]

P

G
=3

r
le

, the ring proton
nes will be labeled

%
O
£ (0

o3
v
0
%)
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VII

Magnetic Properties of Uranocenes

Substituenta Temp. Range Lleff Weiss Constant Ref,
°K B.M. °X
gé H 4.2-4.5 2.43 9.56 42
H 4=10 3.33 9.4 31
H 10-42 2.3 0.9 31
H 12-72 2.42 2.9 43
H 180-300 2.62 3 43
H 10-300 2.6 5
%Z CH3 14.5-81.5 2.26%0.2 17 49
%é CH2CH3 3-8 2.86 14.9 31
CH2CH3 10-27 1.9 0.4 31
CH2CH3 14.7-79.6 2.13%0.2 =7 49
%% (CH2)3CH3 3-10 2.85 5.8 31
(CHZ)BCHB 10-50 2.3 2.6 31
gé CGHS 14-100 2.65%0.2 12.2%3 50
3§ cyclobuteno 15-100 2.35%0.2 8.5 14
é? cyclopenteno 15-95.6 2.4%0.2 16.1 49
%é cyclohexeno 14.4-97.8 2.65%0.2 23 49
§§ 1,3,5,7-
tetramethyl 1.9~73.7 2.2%0.2 11.3%3 50
1,3,5,7=
tetraphenyl 4,.2-100 2.5%0.1 6.7x1 50
f% C02~t~C4H9 30-100 2.64%0.2 10.4 44
(a) Both rings substituted



TABLE VIII

H 3R Resconances of Substituted Uranocenes

§ ppm from TMS

Substituenta Shiftb at 30°C
26, H ~36,63
35, 1,3,5,7~tetramethyl -35,15, -4.21 (CH3)
27, CH, -31.70, -33.67 (H5), -36.10,-40.39
- ~7.20 (CHB)
28,  CH,CH, -32,89, -34.45 (H5), -36.33, -39.7
o -17.47 (CH.), =1.20 (CH.)
2 3
30, iaC3H7 ~35.50, -35.98, =36.00 (H5), -36.40
o -14.47 (CH), m9,89(CH3,d,J=4°4 Hz)
29, n-CHg -32.64, =34.10 (H5), -36.22, -39.74
o -19.03 (-CH_), 0.22 (B-CH.)
0.98 (g-CH_,m), 0.36 (CH3,%,J5
6.3 Hz) -
33, t-CH -~33.43, -33.80, =37.30, -40.54 (H5)
T - ~11.49 (CH3)
32, t-CHy ~33,41, =-34.74, =39.51, -43.37 (H5)
- ~-36.02 (8H, unsubstituted ring),
~10.82 (cH
1 ( 3)
34, 1,4-di-t-butyl -25.23, -39.66, -42.23
T ~10.25 (CH_)
3
31,  neo-C.H,, ~32.84, -33.42 (H5), =36.26, -41.07
-23.97 (CHZ), 3.86 (CH3)
d
(CH,) JN(CH,) -31.5, -32.9 (H#5), -34.9, -38.1,
-18.3 (0-CH.,t,J=7.5 Hz)
0.63 (B=CH. =), 113 (CH3)
2.80 (Yw-CHZ,t,J=7.O Hz)
36, C.H, -34.29, -36.15, =36.45, -37.13 (H5)
- 0.76 (p,d,J=7.2 Hz)
0.85 {(m,t,J=7.6 Hz)
-13.95 (0,d,J3=7.3 Hz)
37, p—(CHB)qNC6H4 ~34.29, =36.15, -36.46, -37.13 (H5)
o “ ~14.10 (0,&,J=7.6 Hz)
0.13 (m,&,J=7.6 Hz), -0.04 (CH3)
38, cyclobuteno -27.70, =35.80, -43.80

~

~26.75 (0,_s.) 19-65 (dgyg’
(J=9.64 Hz)
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TABLE VIII {(cont.)

Substituenta ShiftD at 30°C
39, cyclopenteno -32.12, -34.20, -41.15
4 =32.58 (Berngesm) =8.28 (Bgyqsm)
-=18.78 (0, 35,m) 24.43 (ag, .m)
40, dimethyl
cyclopenteno -32.43, -33.26, =39.83
-12.91 (Cx, ) 5.39 (CHg )
sendo exo
~22.90 (Cgpan) 8-28 (uexo)
A (J=14.5 Hz)

44, cyclohexeno -30.64, =-32.23, -38.70

h =22.35 (Bengor™ =2.94 (B Xo,m)
-16.42 (aeﬁao,m) 6.56 (Olggeyrm)

C(C6HS)3 -21.35, =-34.87, »49°50,:w52.0l(H5)
4.88 (o, d,b=6 8 Hz)
4.95 {m,t,o=6.6 Hz)
5.44 (p,t,5=6.6 Hz)
OCHBd -27.5, =30.2 (#3), =-35.6, -43.7
=3.73 (CH.}
d <
O~t=C439 -28,1, =-28.7 (¥3), =36.2, -45.7
| a 2.08 (CHS)
OCHZCH CH2 -27.9, =30.% {¥5), -35.5, -43.5
=0.33 (a-C “A,Q,u~5°o Hz)
0.70 {(trans=#, 4,J=17.5 Hz)
1.75 (B=CH,=), 2.60 (cis-H,d,J=
10.5 Hz)
41, CO,=t=C Hy -30.51, -32.55, -36.01 (H5),-42.45
' =6.07 (CH,) :

42,  co,-t-cu.° ~29.42, ~33.69, -36.0 (H5), -40.06
-37.06 (BH, unsubstituted ring)
=6, 27~(CH )

C02CH2C6HS -29.81, ﬁ32avby -36.23 (H5),-43.16
~2.98 (CH,), mo,ss (o)
.02 (m)
_ 5 20 (p)
Y ¢ . . b Py o=
COZC“ZCGHS 28.51, =32. 32. 98 (H5) ,~40.63

-2.99 (CH,), =36.06 (8H, unsub-
stituted ring)
-1.16 (o)
3.94 (m)
5.30 (p)
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TABLE VIII (cont.)

Substituenta Shiftb at 30°C

CO,CH ,CH | -29.93, -32.69, =35.78 (H5),-42.14
~6.05 (CH,), -4.23 (CH,)

co.cu. cu_© -28.84, -32.93, -36.14 (H5),-40.27

272
3 ~6.57 (CH.), -4.45 (CH.),

-37.07 (8§,unsubstituted ring)
(a) Substituent on each 8-membered ring.

{b) In monosubstituted cyclooctatetraene ligands the
ring H5 could be identified by integration relative
to the other ring proton resonances.

(c) Monosubstituted.
(d} Data from ref. 51 at 39°C.
{e) At 26°.

proton resulting from conformational changes in this straineéd
ring system and will not be discussed further.

Some typical examples of the linear behavior found is summar-
ized in Figs. 8=11. The complete set of plots is given in ref.

53 and the linear regressions are summarized in Table IX.

Note in these results that the total difference between the
highest and lowest field resonance of the non-eguivalent ring
protons in all of the uranocenes increases as the temperature de-
creases. Moreover, the relative pattern of the ring proton reson-
ances in each uranocene remains constant as a function of temper-
ature except for the two phenyl-substituted uranocenes and 1,1%'-
biscyciooctatetraenyluranocene, In these latter cases the substi-
tuent "H NMR spectra show slowing of rotation and coalescence
phenomena to be discussed below; these phenomena may also affect
some of the ring protons.

The high degree of linearity in the temperature dependence of
the ring proton shifts is evident from the correlation coeffi-
cients of the least squares regression lines (Table IX). The
slopes of the lines are all negative and similar in magnitude to
that of uranocene. However, the standard deviations of the extra-
polated intercepts at m=1=0 indicate that a number of the inter-
cepts are non-zero. Ideally, eq. 3 predicts that all of the in-
tercepts should be zero at 7 l=0, v

Considering all of the ring proton resonances together, there
is no apparent correlation between the non-zero intercepts and
the magnitude of the isotropic shifts at a given temperature, say
30°C. However, for some individual uranocenes, it appears that a
correlation does exist such that the intercept increases the lar-
ger the isotropic shift at a given temperature. This seems to



21
TARLE IX
Least Squares Linear Regression Lines Forx
Alkyl Uranocene Ring Proton Data
Fig. no. Substitutent Proton Slope Intercept r2
' Resonance

8 methyl A =10.89%0.05 =1.35%0.19 0.9997
B =11.20*0.05 -2,30+0.18 0.9997
c =12.80%0.06 0.5720.24 0.999
D =15.59%0.09 5.4810.36 0.9994
9 .tgbutyla A =12.12+0.04 0.75%0.17 0.9998
B ~12.08%0.04 0.71+£0.16 0.9998
C =14,0320.04 0.92+0.17 0.9999
D =15.22%20.05 1.00%0.18 0.9999
10 t=butyl A =11.80x0.03 =0.37+0.12 0.9999
B =11.8920.05 =-0.51%0.18 0.9998
C -14.2470.08 3.77+0.32 0.9995
D =132.59%0.11 4,96%0.41 0.9993
ethyl A =10.95%0.06 =2.4320.20 0.9994
B =10.8520.06 =4,31+0.20 0.9994
C -13.12%0.08 1.17£0.31 0.9991
D -156.0420.13 7.25%0.46 0.9986
n=butyl A =10.78%0.02 =2.7710.08 0.9999
B =10.73%0.02 =4.3710.08 0.99299
C -1Z.8520.03 0.39%0.11 0.9999
D =15.6920.07 6.14%0.25 0.999%
neopentyl A -11.27Z0.05 =1.68*0.17 0.9998
B =11.1520.05 ~2.68%0.19 0.9997
c =-13.01%0.05 0.58%0.19 0.9998
D -15.9320.07 5.31%0.25 10,9998
isopropyl A -13,0620.05 1.68%0.19 0.9999
B -312.7920.05 0.3940.19 0.9998
C =13.1220.05 1.40%0.19 0.9998
D -~13.44%0.08 2.04+0.30 0.9995

cyclobuteno A non-linear
B ~12.81x0.12 0.65%0.48 0.9984
c ~=17.5820.20 8.45%0.77 0.9979
cyclopenteno A -311.07%£0.25 -1.50%1.02 0.9912
B ~13.2020.08 3.67%0.31 0.999%4
C ~18.84%0.23 9.02%1.04 0.9960
dimethylcyclo- A -10.2920.05 -4,11%0.21 0.99%
cyclopenteno B =12.26z20.06 1.52%0.22 0.9997
C =16.8420.11 ©,9310.45 0.9993
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TABLE IX {cont.)

Fig.no. Substituent Proton Slope Intercept r2
Resonance

11 phenyl A =12.04%0.08 -0.71%0.32 0.9992
B -12.0320.10 ~2.58%0.38 0.9989

C ~13.95%0.09 3.4120.34 0.9994

D =12.0520.10 -3.52%0.40 0.9988

p-dimethyl- A ~-11.2320.10 ~3.49%0.41 0.9985
aminophenyl= B ~12.2020.13 =0.49%0.53 0.9979

C -11.17%0.09 -5.21%0.38 0.9987

D ~14.9320.19 5.74*0.76 0.9971

t=butoxy=- A -11.0220.08 0.19%0.31 0.9993

carbonyl B ~12.4720.12 2.89*0.47 0.9987

C -13.01%0.08 1.30%0.31 0.9995

D -14.62=0,09 0.1940.36 0.9994

t=butoxy=- A -4.6320.02 1.16%0.08 0.9997

carbonyl B -10.5220.07 -0.3730.29 0.9993

C ~12.60=0.12 2.36:0.47 0.9987

D -14.0520.11 0.73%£0.43 0.9991

a . . .
substituted ring of monosubsituted uranocene

suggest that the non-zero intercepts are in some way associated
with the contact shift. -1

The linear dependence of the isotropic shifts on T over the
observed tsmperature range can imply one of two things: 1) both
the contact and pseudocontact shifts are linear functions of TL;
2) the contact shift is a linear function of T“l while the
pseudocontact shift is a function of both w1 and higher orders
of T“l, where the combined contact and pseudocontact 1 depend-
ence is larce relative to the higher order terms of the pseudo-
contact shift. In principle, these two rossibilites can be dif-
ferentiated by observing the temperature depvendence of o and B
protons whose geometry factor is invarient with temperature. The
contact shift for o and particularly for Z2-protons should be sub-
stantially smaller than for xing protons. Hence, theilr temperature
dependence should be linear in T - if the former is true, but non-
linear if the latter is”true.

In faci, studies of a number of substituent protons in sub-
stituted uranocenes provide linear correlations with T™1 (54).
The temperzture dependence of the substituent proton resonances in
1,1',3,3",3,5%,7,7"~octamethyl-, 35, monc-t-butyl-, 32, and 1,1'=
di-t-butylueranocene, 55, are all linear. Similarly, both the
methylene and methyl protons of 1,1'-dinecventviuranocene 31l are
linear. For this case, the results implv a relatively fixed con-
formation with the t-~butyl group swung awav from the central uran-
ium (conformation A in Figure 12; R=t-OBu). The non-linearity of
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the methyl protons of 1,1'-diethyluranocene 28 is interpreted as
an effect of temperature on the populations of different conform-
ations having different pseudo-contact shifts. Conformation A in
Figure 12 (R=CH;) predominates but other conformations also con-
tribute. We have no simple interpretation of the non-linearity of
1,1'dimethyluranocene, 27, at this time. Some of the results are
summarized in Table X.

An interesting special case is that of 1,17-=di(cycloocta-
tetraenyl)uranccene, 43. Both Miller (55) and, recently, Spiegel
and Fischer (56) have reported that the number of substituent
and ring proton resonances vary as a function of temperature in-
dicative of a dynamic process which is slow on the MNMR time scale.
Above 90°C, the spectrum consists of four ring proton resonances
in an area ratio of 2:2:2:1 similar to that of other 1,1'-disub-
stituted uranocenes. At 30°C, six broad ring proton resonances
are present and determination of relative areas 1s extremely dif-
ficult. Initially, we had hoped that monitoring coalescence of
the ring protons in this system would provide a method of assign-
ing individual ring proton resonances. However, interpretation of
the temperature dependent changes was not straightforward and no
assignment could be made.

Initially, the B ring resonance begins to broaden at 80°C,
followed by the A resonance at ca. 70°C, and both merge into a
single peak at 50°C. Below this temperature, they rapidly sep-
arate into three broad peaks at 40°C and to at least six peaks at
30°C. At 40°C, the C resonance also begins to coalesce followed
by the D resonance at ca. 30°C. Below 30°C, it is not clear
which of the peaks in the 'low temperature'’ spectrum are assoc-
iated with peaks in the 'high temperature’ spectrum. From 0°C
to =80°C, eleven ring proton resonances are discernible; however,
relative peak areas indicate that not all of the individual reson-
ances are resolved.

Similar temperature dependence behavior 1s okserved for the
substitutent proton resonances. At 90°C, all of the resonances
have coalesced into the baseline, while at 80°C a resonance ap-
pears at 1.8 ppm, followed at 70°C by the appearance of two broad
resonances at ~9.0 ppm and =14.9 ppm and a sharper resonance at
ca. 0.0 ppm. Labeling these resonances as K (1.8 pom), L (0.0
ppm), M (=9.0 ppm).and N (-14.9 ppm), the I resonance separates
into two peaks at ca. 50°C, while the other resonances remain
fairly sharp. At 30°C, the N rescnance begins to broaden and
separates into two peaks at 20°C, followed by broadening of the M
resonance., At 10°C, the M and N regions each consist of two res-
onances while the two resonacnes of the L region are broadened.
The behavior of the K resonance is obscured by the TMS/grease sig-
nal. At 0°C, the L region consists of four resonances. At =80°C,
the M and N signals are both well separated sets of two resonances
each while the K and L regions consist, respectivelv, of four and
- five sets of double resonances of essentially egual area.
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TABLE X

Squares Regression Data for Alkvl Urarnocene

Substituent Proton Data vs T+

3

Zcooound Resonance Slope Intexrcept r2
G-Frotons
27 methyl non-linear
25 octamethyl -5.53+0.04 11.12=0.14 0.9993
28 ethyl -12.65+0.17 21.84z0.61 0.9962
29 n-butyl ~12.,22%0.10 18.10=0.37 0.9995
31 neopentyl -12.5%20.73 14.02=0.28 0.9995
20 isopropyl ~-8.58+0.05 11.47=2.20 0.9994
i-zrotcns
32 mono-t-butyl -5,4210.03 4.4225.10 0.9996
33 t-butyl -5.60%0.07 5.32x2.25 0.9979
34 tetra-t-butyl -5.09+0.06 5.02z2.22 0.9980
29 nmbutyl non-linear
28 ethyl non=linear
20 isopropyl ~4,69+0.04 4.51z0.14 0.9991
znd S svstons
;} neopentyl
t=butyl 1.14%0.01 -0.97-0.03 0.9992
2? n=butyl
=CH2 non-linear
2? n~pbutyl
CH non-linear
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0Of the substituent resonances, only the M and N signals can
be definitely assigned to the o position of the uncomplexed ring.
At low temperature, the ¢ position zrotons are equally distribut-
ed in four magnetically different environments.

A combination of slowing or effective stopping of several
dynamic exchange processes could give rise to the observed changes
in the spectrum: 1) tub-tub interccnversion of the uncomplexed
cyclooctatetraene ring; 2) double kond reorganization in the un-
complexed cycloocatetraene ring; 3) rotation about the Cringmca
bond; 4) ring-ring rotation in the uranocene moiety. The pres-
ence of four different ¢ positicn resonances in the 'low temper-
ature' spectrum requires that double bond reorganization be slow
relative to the NMR time scale. This implies that in the ‘high
temperature' spectra, where double kcnd reorganization is rapid,
four rather than seven substituent resonances should be observed.
Unfortunately, due to solvent and insirumental limitations, we
could not obtaln spectra above 100°C to confirm this. The data
do not permit further differentiation between the other possible
avnamic exchange processes.

TII. Identification of Ring Proton Fesonances in Substituted

Uranocenes.
In all of the mono=- and 1, ladls stituted uranocenes prepared
to date, the 1H NMR resonances of the = n-eguivalent protons in

the substituted rings are all well resolved singlets, three of
area 2 and one of area 1. From Table VIII the total difference
netween the highest and lowest field rescnances at 30°C in such
uranocenes varies from 0.9 ppm to 30.& rpm. It seems likely in
~ost cases that the difference in ring sroton resonances arises
from differences in the contact shift at sach of the non-equival-
ent positions in the 8-~membered ring. One might therefore expect
a correlation between the contact shif:t anéd the spin density at
+he wvarious ring positions. Attempting such correlation requires
assigning all of the ring proton rescnances in 1,1'-disubstituted
uranocenes.

Integration readily differentiates
from the remaining three postions, of =

l)

e 5 position, of area 1,
2. Inspection of

i3

3 M r

bLle VIII shows that there is no aprarsnt correlation between

tﬂo electron-donating or withdrawing character of the substituent
and the position of the 5 proton rescnance relative to the othex
croton resonances. Figure 13 shows the rzatterns of ring proton
rasonances for some 1,1'-disubstitutesd uranocenes in a more schem-
atic form. The pattern of the results strongly suggests that for
crimary alkyl substituents the assignments of the A,B,C, and D
resonances are all the same. In all of these cases the B reson-
nce is identified with the 5-positicn. Important changes do

ceur, however, for isopropyl and t-buzvl substituents. For iso-

rorvl, the ring proton resonances ars clcsély bunched together.
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Tocr t=butyl, the 5=position is now the D-resonance for both the
rmcno= or disubstituted uranocenes.
A tentative assignment of the other ring protons in the t-
ligand may be made in the following way. The barrier to
in tetra-t-butyluranocene, 3e, zuggests that conforma-—
1,1 =di~t-butyluranocene WLtL e t-butyl rings close
14a) will be relatively unpopuiated compared to popula-
~lorns with the bulky t-butyl grouvs farther apart, Figure 14b, c,
2 Next, we note that the substituted ring protons in mono-t-

uranocene, 32, show some sicgnificant differences from 1,1'-
-butyluranocene, 33. The AT values for the A,B,C, and D
ices are, respectively, -0.02, ¢.%4, 2.21, 2.83 (H5) ppmn.

nan
~e largest change is associated with the known position HS5 for
wnich conformation (d) in Figure 14 has a high population. This
rests that the presence nearky of a butyl group in the other
has a perturbing effect to shift the ring proton resonance to

:ield On this basis, H2, which rarely has such a "de-

ing" perturbation, may be assigned resonance A. Similarly,
rmatlon {(¢) in Fig. 14 is cvrobably more highly populated than
nence, H4 is assigned to resonance C and H3 to B. That is,

argument provides assignments of resonances A,B,C, and D
cositions 2,3,4, and 5, respectivelw. Although Figure 14 is

on eclipsed conformations the sams avproach applies to anal-
1S staggered conformations.

This approach finds confirmation in the effect of the t-butyl
f one ring on the unsubstituted »ing of mono-t-butyl-uran-
32. In this compound, each hydrcgen is ecually likely to
t~butyl group nearbv in the other ring. The result is an
a3
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A more rigorous approach to assicning resonances to structure
is v Zeuterium labeling. Methvlcrvclecctiatetraene-4-d was pre-
arad via sulfone chemistry pioneered kv Zacguette and co-workers
57y, (Fig. 15). Lewls acid catalvzed itien of SO, to COT gave
sulfone which was dilithiated with mutvllithium and cuenched
D»0. The dideuterio compound was mono-metallated with butyl-
~ium and guenched witn methvl iodide. Attempted prior alkyl-
“ollowed by introduction cf deuterium was found to be far
successful. Pyrolysis of the deuteriosulfone by slow sublim-
through a pyrex tube packed with class nhelices at 400° gave
desired methylcyclooctatetraene-4-¢ in 87% yield. Reduction

tc the dianion with po;a551um metal and reaction with LC¢4 gave
1,2'=cimethyluranocene-4, 62» The nmr srectrum showed incorpor-
el of 1.5d. Only the A resonance was affected and can be rig-
assigned the 4-position.
we also prepared deuterated rtutylcewclooctatetraenes by brom-

ot
()
1);

3
b
o

irazion of butylcyclooctatetraene follcwed bv dehydrobromination,
o ~lation with butyllithium and guenching with Dp0. Location of
the Zeuterium in the product is, however, not straightforward.

Paczuetze has studied the bromination of methvlcvclooctatetraene
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and has identified different bromination products on dirrerent
occasions (38,59). It appears from his work that bromination-de-
hydrobromination of methylecyclooctatetraene can lead to all four
possible methvlbromocyclooctatetraenes.
In our case with the butyl compound, various workup proce-=
Y

dures were avplied to the butylbromoCOT product; e.g., reduced
pressure short path distillation in one run, silica ¢el chromato-
graphy in another. The deuterio-products were converzed to the
corresponding deuterated 1,1'-dibutyluranocenes giving the nmr
results in Table XI. Included are the total deuterium incorpora-
tions by mass spectral analysis. The A resonance is identified by

analogy to dimethyluranocene (vide supra) as the 4-gosition. The
TABLE XI

Proton MR of Deuterated 1,l'=Dibutyluranocenes

Total d- % Deuterium Incorporation
Run incorporation in Ring Resonances
A B C D
1 1.59 69 20 0 0
2 0.93 28 5 20 0
3® 1.74 61 0 14 0

(a) Prevared earlier with somewhat different ccnditions
by Dr. C. LeVanda.

B resonance is established by integration to be the 3-position. Of
the two remaining positions only the D resonance is undeuterated
in all preparations. It seems most likely by consideration of
steric hindrance effects in the reaction mechanism for dehydro-
bromination that the undeuterated position must be the 2-~position.
Accordingly, the most probable assignment of the ring rescnances
in primary alkvl uranocenes is that A, B, C, D corresrond to pos-
itions 4, 5, 3, 2, respectively. The corresponding .3 in di-
methyluranocene relative to uranocene itself is, thersfore, 2,
-3.8 ppm; 3, +0.5 ppm; 4, +4.9 ppm; 5, 3.0 ppm. Onlv the 2-pos-
ition, adjacent to the alkyl group, suffers an upfield shift.

Some comparisons suggest that these effects mav ke additive.
For example, in octamethyluranocene, 35, a given ring proton is
1,2 with respect to two methyls and 1,4 with respect fo two more.
An additive effect would give Al=2 (~3.8) + 2 (4.9)=2.2 por
The actual 2¢ relative to uranocene is 1.5 ppm (Table VIII) in
good agreement. Further development of this approach mav prove

useful in other assignments. For example, if the AS valu es for
1,1%-di-ethyluranocene (-3.1, +0.3, 3.7, 2,2 for the 2,3,4,5
positions, respectively) are applied to the three ring positions

of bis-cyclonexenouranocene, 44, we can assign the ri
A, B, C to rositions 5,4,3, respectively, and obtain

P4 73
8 joERte] i\)

i':' resonances
N
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experimental and calculated Ao ppm, resvectively, relative to ura-
nocenes 3-, =2.1, =2.8; 4~, +4.1, +4.0; 5-, +6.0, +5.9.

These correspondences help confirm the assignments made above.
But now we can inquire why the 2-position in primary alkyl urano-
cenes 1s furthest upfield whereas in t-butvluranocene it is fur-
thest downfield. This marked difference suggests a significant
difference in structure. In all uranocenes whose structures have
been established by X~ray analysis so far, ring-carbon substit-
uent bonds are tilted towards the central uranium by several deg-
rees. This effect probably occurs to provide better overlap bet-
ween ligand T and central metal orbitals. With the t-butyl group
however, even for a ring-carbon bond coplanar with the ring,
methyl hydrogens approach within van der Waals distance of the
other ring. We suggest, therefore, that in t-butyluranocenes the
t-butyl group is tilted away from the uranium with a consequent
perturbation of the Cg ring that shows up in the nmr spectra. We
hope to test this prediction by X-ray structure analysis of sult~
able compounds.

-

. 1 . . .
IV. Factoring the "H Isotropic Shifts in 2lkyluranocenes.

The discussions above have shown that the pseudocontact com-
ponent of the isotropic shift in 1,1'~dialkyluranccenes is accur-
ately given by the axially symmetric form of ec. 3 and thus, these
systems can be used in evaluating both the assumptions employed in
deriving, and the value of the anisotropv term (X‘ “Xi;) used,
by previous workers in factoring isotroric shifts in uranocenes.
In this section we present such an analvsis comparing pseudo-
contact shifts calculated assuming X = XJ.ZBXav and assuming
values of Xy —Xj derived from isotropic shiZft and geometric data
for protons which experience little or no contact shift. However,
prior to such analysig it is important to be cognizant of the
accuracy of calculated pseudocontact and contact shifts. Irres-
pective of the method or the eguation(s) used to calculate pseudo-
contact shifts, three factors limit their accuracv: a) errors
in measurement of the isotropic shift; k) errors in the assumed
geometry; <) errors in the magnetic anisotrcpv. For uranocenes,
the uncertainty associated with the isotropic shifts is small, lar-
ger for the assumed geometries and largest for the assumed aniso-
tropy difference. In calculating shifts assuming X,&»Xi =3Xqv’
Table VII shows that to a good first approximation, A_,=2.4 +0.2
B.M. for all uranocenes. As a result of the 10% uncertainty in
this value, calculated pseudocontact shifts will have an uncer-
tainty of at least 10%. Similarly, in using a value of Xy ~XJ.
derived from isotropic shift and geometric data, the uncertainty
associated with calculated pseudocontact shifts will depend upon
the reference compound chosen and will undoubtedly be of the same
order of magnitude. Thus, the factored shifts in the following
section will have an error of at least 10%.

+ th oo
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In the following discussion, all calculated shifts are deriv-
ed assuming a temperature of 30°C. For numerical convenience, the
anisotropy term Xy = Xd will be expressed in terms of U“2 - Lu?a

Fischer has proposed useful and important methods for factor-
ing the isctropic shifts of uranocenes into contact and pseudo-
contact comzonents (i§)7 values were reported for uranocene, 1,-
1%,3,3',5,5',7,7"-octamethyluranocene, and 1 1°-bis(trimethyli-
silyl)uranocene using a non-zero value of ¥,. Fischer arrived at
values of puz and u$? at several temperatures from the ratio of
the geometry factor and the isotropic shift for methyl protons in
bis(trimethvlsilyl)-uranoccene, and bulk magnetic susceptibility
data, assuming no contact contributions to the isotropic shift of
the methyl crotons. From the published data cf Fischer, the value
of uf -y at 30°C is 8.78 BMZ.

His results show that Jj is swmall but not zero. The non-
zero [ component has the effect of reducing the magnitude of
pseudo-contact shifts. There seems little Sdoubt that Fischer's
result is gualitatively correct but the several assumptions re-
quired, esrecially of geometry, make them guantitatively suspect.
For example, 1,1'-bis(trimethylsilyl)uranocene shows the same pat-
tern of rinc proton resonances as 1,1°'-di-t-butvluranocene; hence,
the structures may involve a trimethylsilyl cgrcup bent away from
the ring plane. Such a distortion would chance the calculated
geometry faciors and the derived value of pw2==;; .

In our approach we have determined UH2 - ;Lz by another ap-
proach involwing dicyclobutenouranocene, 38, and have compared
the results Zor 1,1'-di-t-butyluranocene, 32, and 1,1'-dineo-pen-
tyluranocene, 31. These three test systems contain. o, B and y-
protons constrained in relatively known gecmetric configurations
relative to the uranium center. In the latter two compounds, con-
tact contrikutions to the t-butyl isotropic shift must be vanish-
ingly small, whereas in the first compound, the fixed gecmetric
relationship of the methylene group relative to the 8-membered
ring suggests that both hyperconjugation and the contact shift
nmust be effectively the same for the exo and endo protons, if
the contact shift results from hyperconjugation transfer of spin

density.
The average geometry factor of the t-butvl group in 1,1°'=di-
t-butyluranocene was taken as 1/6 (A + 2C + 2T + G) (Fig. 12,

R:CHB) in Table XIT and for the t-butyl grouz in the neopentyl
substitutent it was taken as conformation A (Fig. 12, R=t-Bu)
(Table ¥III). While the methylene protons in dicyclobuteno=
uranocene are conformatiocnally mobile, as evidenced by their temp-
erature dependent 1y NMR spectra, we assume thzt their average
position in solution is given adequately by the average position
of the methvlene groups in the X-ray crystal structure. Although
atomic coordinates are reported for all of the atoms in the X-ray
structure, cgeometry factors calculated from these data are prob-
ably in errcr for two reasons: 1) the reported coordinates are
not thermally corrected, and thus, they reflecz an average
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Cring = Cring bond length of 1.39 A rather than a thermally cor-
rected value of 1.41 A; 2) the two revorted Hovo = G4 endo
bond angles of 104° and 106° are certainly too Tsmall ana reflect
the large uncertainty associated with the location of hydrogen
atoms by H~ray diffraction.

TABLE XIT

2.

3cos =1

Calculated Geometry Factors

RJ
For B Methyl Group
({R=CH_, in Fig. 12)

3
Planar 5° Tip -3

Conformation” ci x 10%tem™3 Gi x 19

A 2.563 1.793

B 1.756 0.9977

C ~0.7736 ~1.557

D -5.081 -6,082

E -10.32 -11.83

F ~14.64 ~18.65

G -16.45 ~18.74

(a) Pigure 12.

(b) Towards uranium.

Formally, the fused 4-membered ring is similar to the 4-mem-
bered ring of cyclobutene or benzocyclcbutene, and tne methylene
bond angle should be similar to the methvlene bond angle in these
compounds. Gas phase electron diffraction of cvclchutene gives
this angle as 110° (60), whereas J13-_p coupling constants yield
a value of 114° (6l). Similarly, J13c-x coupling constant analy-

y O ()

sis predicts a bond angle of 112° in benzocvclobuterne (62). Thus,
112° is certainly a more realistic value for the Hg.o - Cqy - Hopge
bond angle. In calculating geometry factors for the exo and endo

protons, we have used the idealized geometrv in Ficg. 16, which
more accurately describes the location of the methvliene protons,
rather than the coordinates of the atoms from the rublished X-ray

crystal structure. The geometry factors Zor the exo and endo

protons calculated with these data are -0.7097 x 1021 cm™3 and
-16.97 x 1021 cm™l, respectively.

Consicdering first the Edelstein, et al. (3), rropesal that
Xy~ %= 3Xays the average Hgege of 2.4 = 0.2 B.M. x JE anocene

and substituted uranocenes affords a valize of 17.
The calculated pseudocontact shifts for a t-butvl
t-butyl prctons in a neopentyl group, assuming ccp

BM® for Uzy -
roup and the
narity of the
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v:ingwcg bond and the 8-membered ring,
raspectively. With a tipped substitue
ively, -28.8 ppm and 6.35 ppm. Comgari
isotropic shifts of ~13.29 ppm and 2.
ated values overestimate the magnituze

Tactoring the isotropic shifts of the e

cvclobuteno group further reinforces
eudocontact shifts are: exo -2.8C
rence from the experimental isotrco
nd -31.20 ppm (endo), the correspon
com (exo) and 35.8 ppm (endo). The
zact shifts cannot result from sligh=
zion, which may arise from the ca.
ral angle between the 4- and 8-memke
Zrom overestimation of the pseudocon
Reducing the magnitude of the ca
requires smaller values of the anisotr
only result if XLfo, This result prcwvi
zion of the same result of Fischer cit
zhat both the electronic structure ¢
.63), assuming a Jy= ¥4 ground state,
v Fischer (15), assuming a J,=3 groun
ron-zexo, and less than X at 30°C°
Using Fischer's value of b‘
zseucdocontact shifts for the t- butyl
and 1,1'-dineopentyl  uranocene are -1
zivelv, for coplanar substituents, and
respectively, for tipped substituents
culated pseudocontact shifts and the
zather good.
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a
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4
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‘ex0) and 2.80 (endo).
The two positions is too large to be
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=11.8 ppm and -12.8 ppm, respectively. From the exrerimental iso-
tropic shift of -10.00 ppm, the corresponding contact shifts are

1.8 ppm and 2.8 ppm. Contact shifts for U-protons are assumed to
arise from hvverconjugative transfer of spin. Hyvrerconjugation
between a carbon p orbital and a carbon-hydrogen zZond is a func-
tion of the dihedral angle between the two. When unvaired spin is

transferved bv hyperconjugation, the magnitude of koth the hyper-
fine coupling constant in ESR, and the contact shift in NMR, can
be expressed by

2
B = B cos” ($) (7)
o
where ¢ is the dihedral angle and B is the macx--gie cf the nyper
flne coupllnc constant or the contact shift when 3 (84-67).

avl group af-
fords values cf 3.54 ppm and 5.54 ppm, respectively, Zor a planar
and a tipped substituent.

The fixed orbital angle between the p-orbitals of the 8-mem-
bered ring and the methylene C~H bonds in the cyclorzuteno substi-
tuent permit evaluation of the contact shift for the exo and endo

protons from Bgy. In our idealized structure of the licand, the
dihedral angle is 25° which compares favorably with fhe average
TABLE XIV
2
3cos 0-1
Calculated Geometry Factors 3
R

For O Protons
(R = H in Fig. 12)

Ca Planar 5° Tip
Conformation Gi x 102lem=3 ci x 102173
A 1.388 J.3599
B 0.6717 -2.3653
C -1.503 -2.604
D =5.053 -5.357
E -9.424 -11.14
i -13.23 -15.46
G -14.76 -15.55
(a) Figure 12.
(b) Toward Uranium
value of 22° from the X-ray data. With $¢=25°, the caiculated con-
tact shift is 2.91 ppm when By=3.54 ppm and 4.5 crm when B,=5.54
ppm. These values are significantly different frcem thcse obtalned
by difference from the isotropic shifts for the 2xo and endo prot-
ons and the calculated pseudocontact shifts assuming ;;f m1ji2 =
8.78 BM?. The discrepancy between the calculated contact shifts
for the exo ard endo protons in 1,1"'-dicyclobutencuranccene

using Fischer's value of UH - Hl“ can only arise Zrom
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underestimation of the pseudocontact shifts resulting from under-
estimation of ;2 - UL

The known geometry of the methylene protcns 1n the cyclobut-
eno permits an independent calculation of Y © - HL Assuning
that the contact shift for both methylene trotons iz equla, the
relationship between Xﬂf’XQ the isotropic skift, §, and the geo-

(o4

metry factcr G for the exo and endo protons is given by

S -4

X7 XL exo endo
= ‘ (8)
3 Gexo Gendo
2
This equation leads to a value of 12.5 BM2 foxr Moo= ui? with
corresponding pseudocontact shifts of =2.03 (exo), =-48.5 ppm

{endo) and a contact shift of 17.2 ppm.

This wvalue of u;g T Y[ yields respective pseudocontact shifts
of =17.2 ppm and 10.4 ppm for the t-butyl croups in 1,1'-di-t-
_butyl- and 1,1'-dineopentyluranocene, assuming coplanar substit-
uents, and =-20.8 ppm and 4.59 ppm, assuming tipved substituents.
Although agreement between the calculated and exgerimental shifts
for the necpentyl t-butyl group, assuming 2 tirved substituent
is good, agreement between the t-butyl calculated and experimental
data is pocr for the coplanar and worse for the tipped substit-
uvent. If we assume that the difference in the okserved and the
‘calculated shifts for the t-butyl substituent is contact in nat-
ure, neither its sign nor its magnitude are consistent with the
predicted sign based on transfer of spin by spin polarization, or
the magnitude limits established from analwvsis of the temperature
dependence of the methyl resonance in 1,1'=diethvluranocene. Thus,
if the difference in calculated and observel shift does not arise
from the anisotropy term, it must result from inaccuracies in the
assumed geometry factor.

We can now return to our conclusion in the last section where
we deduced from the pattern of ring proton resconances and from
steric considerations that t-butyl substituents in uranocenes
must be tilted away £rom uranium. This arzument does not apply
to the neopentyl group which is a normal prinary alkvl substi-
tuent for which the ring-CH, bond can be tilted towards uranium
without difficulty.

Tipping the substituent away from the

ranium center leads to
better agreement between the calculated and ob
i
en

iur
erv ea snlft for the
t-butyl group in 1,1'=di-t-butyluranocene. With ;”*= 41 = 12.5
BM2, a tip of 5° away from uranium affords =z
contact shift of ~13.7 ppm, in excellent acy
experimental isotropic shift of -13.29 ppm.
To further demonstrate the difficulties assoeiated with sel~
ecting an apcropriate reference compouna frem which L]! - u{z can
be derived, we shall derive Ult - UL. from the geometry factor and
the isotropic shift of the t-butyl group in 1,1°'-dineopentyl-
uranocene. Cur conformational analysis she.,é hat the substi-



34

tuent is locked in conformation A ln Fig. .. l2. For a coplanar sub-
gtituent, the derived value of M, - U; is 3.33 BMZ2, while tip-
ping the substituent 5° toward the uranium leads to a value of
7.51 BMZ. However, relaxing the restriction of exclusive pop-~

ulation of conformation A, and assuming an sxtremely small pop-
ulation of any other conformation where +the ceometrv factor

and the pseudocontact shift are negative, will greatly increase
the derived value of U;F - UL?O

Thus, evaluation of the geometry facicr is extremely impor=-
tant in deriving a value of U~2 - Wi® frem ceometric and isotropic
shift data. Two factors favor our apprcacn Lo deriving a value

iczrclobutenouranocene:
sariable temperature

Ly nMR data provide an excellent estimate the geometry factors
for the two methylene protons; 2) calculation involves using the
isotropic shift and geometry factor of twe magnetically non-equiv-
alent protons rather than one.

ku

of 1,2 ~1Q? from the methylene protons in &:
1) the single crystal X-ray data and trhe -~

From the contact shift of the exo and endo protons in dicyc-
lobutenouranocene, derived using sz - i o= 12.5 BM, a value of
By, the maximum contact shift for an G-rrowon, can be calculated

from eq. 7. Taking ©¢=25° leads to a valus of 2
Assuming a geometry factor of 1/6 (% -+ 2B + 2D + C) for the
methyl group in 1,1'-dimethyluranocene, the

&)

A1
[N

AARY
b

contact shifts are -16.8 ppm and =18.2 cIm, ti elv, for a
coplanar and a tipped substituent. By diffsra: from the iso-
tropic shift, the contact shifts are 6.7¢ néd 8.17 ppm, while
calculation of the contact shift from B cs a value of 8.71
ppm. Agreement between the contact shi ulated by both

ot

methods is excellent, particularly for ubstituent.

Considering the c-protons in 1,1'-dirnesccentvluranocene, if
A 1s the only populated conformation of = pentyl substi-
tuent, then the conformation of the g-prctcons is ER (Fig. 12).
The calculated pseudocontaot shift is - Sz (coplanar), -31.8
(tipped) and by difference from the exce ~tal isotropic shift
of -23.97 ppm, the contact shifts are 2. m (coplanar), and
7.83 ppm (tipped). Calculation of the contact shift from B
affords a value of 5.23 ppm.

Comparison of the calculated pseudcco shifts for the
neopentyl t-=butyl resonances with the isctrczic shift showed that
the tipped geometry affords better agreement between the two
values, but still the value of calculated =: t was approximately
twice that of the experimental isotropic However, an
extremely small population of any conform other than A
will readilv decrease the magnitude of t= lculated pseudo-
contact shift for the t-butyl resonance. uming an extremely
small population of conformations other than 4, how does this
affect the factored shifts of the g-proto

From the geometry factors in Table ea. 7, the
pseudocontact shift for any conformation ¢ han EE will be
less negative than that for EE, while the contact shift will be

oot th 9]

poN
£

( D W n
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smallest in magnitude for EE and larger for any other conformation.
The magnitude of these changes is such that the isotropic shift
will be less negative as the population of conformations other
than EE increase. Thus, assuming a tipped substituent and an
extremely small population of conformations cither than A for the
neopentyl substituent in 1,1'-dineopentyluranocane, leads to
better agreement between the calculated pseuvdocontact and contact
shifts for both the ¢ and t-~butyl resonance, *han assuning either
exclusive population of conformation A or a coplanar substituent.
This analvsis also accounts for the orsszved trend in the
isotropic shifts of the Q=protons in 1,1'=cdisthvli-, 1,1'=di-n-
butyl-, and 1,1'-dineopentyluranocene, respectivelv, -17.47 ppm,
~19.03 ppm, and =-23.97 ppm. The increase in macnitude of the
isotropic shift directly parallels the increszsing stakility of
i.e

the preferred conformation of the substituent, (
A in Figure 12).

V. Summary.

Previous attempts at factoring the isotrcoic lq MR shifts
in uranocene and substituted uranocenes havs that these
systems can be viewed as having effective axi try. The
temperature dependent 1y nMr spectra of uran
of substituted uranocenes clearly verify this
show that eg. 9 can be used to evaluate the &

bution to the total isotropic shift in uranccenes. In this
equation ¥, ;;(y for substituted uranocenes and are replaced by)%s
; - 2~
SPSEUDQCONTACT = Kyt AL soes®ia
()
3N 3

Early attempts to factor the isotropic shifts in alkyl-
uranocenes using eq. 9 were not completelv Suc ul because
of failure to correctly asssss the conformatic: £ the substituent
in solution and overestimation of the value of the anisotropy
term X”-X_L (ilér)lﬁ)o

In alkyl-substituted uranocenes, our con?
shows that a primary alkyl substituent populatz wcipally con-
formations in which the dihedral angle between T ubstituent
Cq ~ Cp bond and the ring plane is close to 92° on the side of the
ring away from the metal. X-ray structure arnalvses have shown
generally that substituents have ring-Cy bonds tilt several
degrees towards uranium. The pattern of rinc Troton .resonances
and steric considerations suggest that t-butvl a re lated sub-
stituents are tilted away from uranium.

.3 ()

ioral analysis
™

(3 03

Another important result of this study is the confirmation
of Fischer's demonstration that X<Lls not egual o zeyo in uran-
ocene. FEarly attempts to factor isotropic shifts in uranocene
have generally assumed that )£i=0, and leads %o overestimation of
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the anisotropy term. A precise value of X ¢ is difficult to deter-
mine rigorously from analysis of available :IMR data. We have
found that plf - ULP = 12.5 BM? leads to the best internal cons-
istency factored isotropic shifts for a wide variety of 1,1'- »
dialkyluranocenes. Assuming Ugpy~ = 5.76 Bﬂz and U‘ - ML? = 12.5
BM?, at 30° oy the corresponding values of h”2 and Yi" are 14.09
and 1.59 BM?, respectively. This implies that /1//19— 8 in uran-
ocene, a value substantilly larger than Fischer's ratio of K /XL =
2.8 (15)

As a result of XL# 0, early work on fa
shift of the ring protons in uranocene unde
tude of the contact shift. Using our value
BM2, the pseudocontact and contact shifts fo
tons are -8.30 ppm and -34.2 ppm, (G = -2,

ng the isotropic
lmabed the magni-
. 12.5
uranocene ring pro-
% 1021 cmm3), re-
spectively. Thus, this study confirms that both contact and
pseudocontact interactions contribute to the observed isotropic
shifts in uranocenes. The contact component is dominant for ring
protons, but rapidly attenuates with increasing number of g-bonds
between the observed nucleus and the uranium such that the contact
shift is effectively zero for R-protons.
The value of the contact shift for ring
is of the same sign but about 10 to 15 ppm la
than the contact shift for ring protons in C?;3U-X compounds. If
a direct correlation exists between the magnitude of the contact
shift and the degree of covalency in ligand-metal bonding in
these systems, then the NMR data suggest a ~igher degree of
covalency in the ligand-metal bonds in uranccene.

0

B O D o
=

O
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ons in uranocene
in magnitude
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Figure Captions

9

Fig. 1 Coordinates R,, 8,, and ¥, of

i
z, with the three

e

dinate system x, v,

nucleus i in the coor-
incipal components X,,

a
r

Xy, £, of the magnetic susceptibility.

Fig. 2. Spin-polarization in uranocenss. Arxrows shown refer to

magnetic moments.

Tig. 3. Structures of compounds studisd.

Fig. 4. Isotropic shift vs T  for uranocene.

Fig. 5. Comparison of older data (dot=dzsh line, ref. 5) with
oresent results (dashed line).

Pig. 6. Isotropic shift vs T for uranocene and the ring
orotons in 1,1',3,3°%,5,5%,7,7 ' =octamethivliuranocene, 35.

s . . -1 ,

Tig. 7. Isotropic shift vs T for uranocene and the ring pro-
tons in the unsubstituted ring of monc-t-butyl, 32, and mono-
t=-butoxycarbonyluranocene, 42.

o - ; . -1 . : .
Tig. 8. Isotropic shift vs T for the ring protons in 1,1°'-
dimethyluranocene, 27.

Tig. 2.  Isotropic shift vs T for the ring protons in the sub-
stituted ring of mono-t-butyluranocene, 32.

Tig. 10. Isotropic shift vs T for the rirg protons in 1,1'-di-
c-butvliuranocene, 33.

s - . . -1 . . : . b 9s
Tig., 11. Isotropic shift vs T for the ring protons in 1,1°'-di-

chenvluranocene.

Tig. 12. Conformations of the substitueni in substituted urano-
cenes shown in Newman projection form with the uranium atom
selow the plane of the ring in each ficure.

Fig. 13. Pattern of ring proton resonances of 1,1'=dialkylurano-
cenes. HS5 is indicated by its reduced intensity.

Tig. 14. Several conformations of 1,1'-Sisubstituted uranocenes
about the central axis. The l'-substituvent is shown with the
dotted line.

Tig. 15. Preparation of methylcyclooctatetraene~4-d.

Fig. 15. Assumed structure of cyclobutencuranocene, 38.
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